Terminating transmission lines at either the source or the load side with a damping resistor is often used to improve the signal integrity of clock or control lines on PCBs. While a number of termination variants may produce similar results in respect to signal integrity the EMC performance can differ due to a different current and voltage distribution along the line. This paper investigates the impact of transmission line terminations on radiated emissions.
INTRODUCTION
With increasing clock frequencies the electromagnetic emissions from traces on PCBs are becoming more and more important for compliance with EMC standards. Traces must be treated as transmission lines and the trace terminations will have an impact on both the signal integrity and on the electromagnetic emissions from the trace.
To ensure good signal integrity when transmitting signals with high frequency content, damping is often used. The damping terminations can be placed either at the source (back matching) or at the receiver (forward matching). Although the impact of damping terminations on signal integrity is well understood it has not been clearly shown what the impact is on the electromagnetic emissions from the trace. The focus of this paper is to investigate the impact of transmission line terminations on radiated emissions. For electrically short traces it is possible to derive a simple analytical expression for electric field strengths in the far field. 
TRANSMISSION LINE MATCHING TECHNIQUES BACK AND FORWARD MATCHING
A model of a trace, shown in Fig. 1 , includes a source impedance Zs a load impedance Z L and a lossless transmission line. The load impedance is the combined impedance of both the forward matching impedance and the receiver input impedance.
ELECTRICAL SHORT TRACES
For electrically short traces, cos / 3 1 5 1 and sin / 3 1 5 /3l, it is possible to model the voltage transfer function, V,lV,, of the trace as ,a second order system with a damping factor defined as:
Back matching case (ZL = receiver input capacitance, C) Forward matching case (Z, = 0; ZL = R L~ !receiver input capacitance, C)
Regardless of the type of matching, for a given source the signal at the load, to a frrst order approximation, at a particular frequency is identical when r, =cr. = 5 *
It is under these operating conditions that the radiation from a losseless transmission line will be studied.
RADIATION FROM A TRANSMISSION LINE
For a single line element with current following
Schelkunoff [l] has derived an expression for the electric field in terms of the current and its derivative at both ends of the line. In a compact matrix form the electric field is as follows:
with (9)
The current and its derivative at the ends of a transmission line [2] are obtained using, 
In deriving Eqn.18 the magnitude of the load voltage is kept the same for both the back and forward matching cases. Ebk and Efw are obtained as a vector sum of E, and E p respectively, neglecting an eventual phase difference. Eqn. 18 shows that back matching always produces lower emissions than forward matching.
SIMULATION RESULTS AND DISCUSSIONS

Case Study I: Short Lines
In this example the transmission line terminations, for both the back matching and forward matching cases, are chosen to obtain a particular damping factor c. The length of the transmission line is 2.5 cm, modeled as a two-conductor line in the xz-plane, separated by 1 mm, with a characteristic impedance of 50 Q. A load capacitance of 22 pF is assumed. The required resistor terminations required to achieve a damping factor of 0.5,0.707, and 1.0 are listed in Table 1 . The contributions to the field by the end segments of the line are taken into account using the Hertzian dipole equations assuming a uniform current distribution along these segments [2] . 
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CONCLUSIONS
This paper presents a brief study of the impact of transmission line terminations on radiated emissions. For short lines an analytical expression for the ratio of far field electric field for back matching to forward matching can be derived. However, the analytic forms neglect the contributions to the field from the end segments of the line, and are valid only for certain observation points.
Simulations have shown that these end-line contributions cannot be neglected. For the cases examined in this study back matching produces lower radiated emissions than forward matching. However, further analytical work is required before it can be said conclusively that back matching is the preferred method of damping a transmission line, and how significant differences between the two matching techniques are.
